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NASA TT F 11,770 

I N VEST 
FROM 

GATION OF 
THE DROP 

THE SURFACE STATE OF NICKEL AND IRON CATHODES 
N POTENTIAL AFTER DISCONNECTING THE CURRENT 

V .  E .  Past and Z .  A. l o f a  

ABSTRACT: O s c i l l o g r a p h i c  curves f o r  t h e  drop i n  p o t e n t i a l  
a f t e r  d isconnect ing  the  c u r r e n t  a r e  used f o r  s t u d y i n g  the  
sur face s t a t e  o f  c a t h o d i c a l l y  p o l a r i z e d  n i c k e l  and i r o n .  
I t  i s  shown t h a t  t h e  capaci tance o f  n i c k e l  and i r o n  
cathodes, as computed f rom the curves f o r  the p o t e n t i a l  
drop, depends on t h e  e l e c t r o d e  p o t e n t i a l  and on the  t ime 
e lapsed f rom the i n s t a n t  when t h e  p o l a r i z i n g  c u r r e n t  i s  
swi tched o f f .  
I t  may be assumed t h a t  the minimum capaci tances o f  19-24 

uf/cm2 f o r  a n i c k e l  cathode i n  a c i d  and a l k a l i  s o l u t i o n s  

and 27-28 pf/cm f o r  an i r o n  cathode i n  a c i d  s o l u t i o n s  
a r e  c l o s e  t o  the  capaci tances f o r  t h e  double l a y e r  on 
these meta ls .  The capaci tance o f  an i r o n  e l e c t r o d e  i n  
a l k a l i  s o l u t i o n s  and fo r  h i g h  c a t h o d i c  p o l a r i z a t i o n s  i s  
a p p r e c i a b l y  g r e a t e r  than the  capaci tance o f  the  double 
1 ayer  . 
The increase i n  capaci tance as the  cathode p o t e n t i a l  
drops i s  due t o  t h e  r e a c t i o n  o f  i o n i z a t i o n  o f  adsorbed 
e l e c t r o c h e m i c a l l y  a c t i v e  hydrogen, the  q u a n t i t y  o f  which 
increases w i t h  a r e d u c t i o n  i n  c a t h o d i c  p o l a r i z a t i o n .  
The r e l a t i v e l y  l o w  capaci tances as compared w i t h  t h a t  o f  
a hydrcgen cmdenser  p l a t e  show t h a t  o n i y  a smal l  area 
of the n i c k e l  and i r o n  e l e c t r o d e  s u r f a c e  i s  covered w i t h  
adsorbed hydrogen which can be i o n i z e d  i n  the  g i v e n  
p o t e n t i a l  range. Sur face coverage by e l e c t r o c h e m i c a l l y  
a c t i v e  hydrogen i s  l o w  i n  an a c i d  medium and somewhat 
g r e a t e r  i n  an a l k a l i  s o l u t i o n ,  a l though i t  s t i l l  does 
n o t  exceed 0.03 f o r  a n i c k e l  cathode, and 0.20 f o r  i r o n .  

2 

The i n v e s t i g a t i o n  of  t h e  s u r f a c e  s t a t e  of n i c k e l  and i r o n  by measuring /1230* 
t h e  d i f f e r e n t i a l  capaci tance of an e l e c t r o d e  w i t h  t h e  use o f  v a r i a b l e  c u r r e n t  
o r  f r o m  curves f o r  t h e  p o t e n t i a l  drop a f t e r  s w i t c h i n g  o f f  t h e  p o l a r i z i n g  cur -  
r e n t  [ l - 3 1  have been l i m i t e d  by a compara t ive ly  low cathode p o t e n t i a l .  
Because of  exper imenta l  d i f f i c u l t i e s ,  t h e  excess v o l t a g e  r e g i o n  above 0.3 v 
was n o t  s t u d i e d  i n  t h e  r e f e r e n c e  works l i s t e d  above. Thanks t o  an improve- 
ment i n  equipment and a r e d u c t i o n  i n  t h e  t i m e  i n t e r v a l  a v e r  which the 
e i e c i r o d e  p o t e n t i a l  i s  measured, we have been success fu l  i n  a p p r e c i a b l y  r a i s -  
ing t h e  cathode p o t e n t i a l  a t  which t h e  e l e c t r o d e  capaci tance can b e  determined. 

* Numbers i n  t h e  marg in  i n d i c a t e  p a g i n a t i o n  i n  t h e  f o r e i g n  t e x t .  
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Experimental P a r t  

The equipment and measurement method were o u t l i n e d  i n  a previous work 
[41. 

The n i c k e l  e l ec t rode  was a p l a t e  o f  s p e c t r a l l y  pure n i c k e l  wi th  a s u r -  
A 2 face area o f  0 .2  - 0.5  cm . A f t e r  thorough scour ing  with f i n e l y  powdered 

g l a s s ,  degreasing i n  ho t  concentrated a l k a l i  and washing wi th  water ,  t h e  

e l e c t r o d e  was f i r e d  i n  a s t ream o f  hydrogen a t  420-450°C i n  t h e  measurement 
c e l l  i t s e l f .  F i r ing  l a s t e d  f o r  3-5 hours .  After t h e  c e l l  had been cooled,  
t h e  e l e c t r o d e  was immersed i n  t h e  s o l u t i o n  without  coming i n t o  con tac t  wi th  
t h e  a i r .  

An i r o n  e l ec t rode  o f  s p e c t r a l l y  pure i r o n ,  c y l i n d r i c a l  i n  shape with a 
diameter  o f  1 .15 mm and a working su r face  area of  0 .2  - 0.4  cm2 was f r e e d  
from s u r f a c e  oxides  [SI by f i r i n g  i n  a hydrogen stream a t  700°C for s e v e r a l  
hours followed by evacuat ion a t  900°C f o r  1 hour .  
pared was kept  i n  a t es t  tube with a ground-joint  s toppe r .  
was no t  f i r e d  immediately preceding the experiment.  

The e l e c t r o d e  thus  pre-  
The e l e c t r o d e  

The a lka l i  s o l u t i o n s  were prepared e i t h e r  by d i s so lv ing  prewashed s t icks  . of  chemical ly  pure a l k a l i  NaOH o r  KOH i n  doubly d i s t i l l e d  water, o r  by us ing  
t h e  same medium f o r  decomposing an e lec t rochemica l ly  produced potassium 
amalgam. 
NaOH and KOH o r  from t h e  amalgam, a f te r  p r o t r a c t e d  p u r i f i c a t i o n  on a cathode 
o f  t h e  same material as t h a t  used f o r  t he  e l ec t rode  t o  be s t u d i e d ,  y i e lded  
comparable r e s u l t s .  Prel iminary p u r i f i c a t i o n  of t he  s o l u t i o n  was done f o r  

t e n  hours  a t  a cu r ren t  dens i ty  o f  10 a/cm . 

Experiments showed t h a t  s o l u t i o n s  produced from chemically pure  

- 2  2 

The e l e c t r o d e  p o t e n t i a l  was measured wi th  r e spec t  t o  a hydrogen elec- 
t r o d e  i n  t h e  same s o l u t i o n .  

o f  t h e  specimen e l ec t rode  f o r  one hour a t  a c u r r e n t  o f  about 10 a/cm . 
The e l e c t r o d e  p o t e n t i a l  was rap id ly  e s t a b l i s h e d  i n  a c i d  s o l u t i o n s ,  and 
remained s t a b l e  throughout t h e  e n t i r e  experiment. In  t h e  case  o f  a l k a l i  
s o l u t i o n s ,  t h e r e  was a slow s h i f t  i n  the  p o t e n t i a l  o f  n i cke l  and i r o n  
e l e c t r o d e s  toward t h e  nega t ive  s i d e ,  which sometimes continued even a f t e r  
t e n  hours  of e l e c t r o d e  p o l a r i z a t i o n  a t  constant  cu r ren t  dens i ty .  
ments which we conducted showed t h a t  the  contaminants p re sen t  i n  t h e  a l k a l i  
s o l u t i o n  have a s t r o n g  e f f e c t  on t h e  inc rease  i n  overvol tage during p ro t r ac t ed  

Measurement was done a f t e r  ca thodic  p o l a r i z a t i o n  
-2  2 

The exper i -  

p o l a r i z a t i o n .  
dur ing  p r o t r a c t e d  p o l a r i z a t i o n  a r e  not  considered i n  t h i s  a r t i c l e .  

and i r o n  under i d e n t i c a l  experimental  condi t ions were repeatzkle wi th in  
l i m i t s  of  10-20 mv. Tc prcvent  d i s so lu t ion  o f  t h e  e l ec t rode  i n  a c i d  o r  
o x i d a t i o n  i n  a l k a l i ,  t h e  region of  low cathode p o t e n t i a l s  was n o t  i n v e s t i -  
ga ted .  After p l o t t i n g  a repea tab le  exeess vo l t age  curve,  o sc i l l og raphs  o f  
t h e  p o t e n t i a l  drop were taken a t  var ious  p o l a r i z i n g  cu r ren t  d e n s i t i e s .  

The phenomena a s soc ia t ed  with an inc rease  i n  overvol tage 

The r e s u l t s  o f  i nd iv idua l  measurements o f  t h e  excess vol tage  on n i c k e l  

The 
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I 
e lec t rode  capac i tance  was c a l c u l a t e d  from equat ion (3) given i n  [4] .  

I 
L Determining the Capacitance of a Nickel Cathode i n  Alka l i  SoZutions. /1231 

Data on determinat ion of  n i cke l  capaci tance i n  a c i d  s o l u t i o n s  were given i n  
, [61- 
I 

P In  a l k a l i  s o l u t i o n s  (0.6 - 0 . 8  N NaOH, 1 . 2  N KOH and 5 N KOH), i t  was 
found t h a t  t h e  hydrogen overvol tage on n i c k e l  was a l i n e a r  func t ion  o f  t h e  
logari thm of p o l a r i z i n g  cu r ren t  dens i ty  a t  low and moderate d e n s i t i e s  (up t o  

2 a/cm ) with  a p r o p o r t i o n a l i t y  f a c t o r  equal t o  0.10 - 0.11 v .  A t  cu r r en t  
2 d e n s i t i e s  h ighe r  than a/cm , it was found t h a t  the  f a c t o r  b i nc reases  

with cu r ren t  dens i ty .  In  computing e l ec t rode  capac i tance ,  t h e  va lue  o f  t h i s  
f a c t o r  was determined from experimental overvol tage curves (with r ega rd  t o  
c o r r e c t i o n  f o r  t h e  ohmic p o t e n t i a l  drop i n  t h e  s o l u t i o n ) .  

4 4  'i . 
IO 

0 - I  

* -2  
x-3 
A- 4 

Shown i n  Figure 1 i s  t h e  
capaci tance of  a n i c k e l  elec- 
t rode  ca l cu la t ed  from t h e  
i n i t i a l  s e c t i o n  o f  t h e  p o t e n t i a l  
drop curve as a func t ion  o f  t h e  
excess vol tage  i n  0 .6-0.8 N 
NaOH and 5 N KOH. This  f i g u r e  
shows t h a t  t he  i n i t i a l  capaci-  
t ance  o f  the e l e c t r o d e  depends 
on p o t e n t i a l :  when q = 0.6  v ,  

2 
C = 23 pf / cm 
s u r f a c e ;  with a reduct ion  i n  
excess vol tage  t o  0.2 v,  C 

i nc reases  t o  75 pf /cm . 

o f  t h e  apparent  

2 

The r e s u l t s  o f  computation 
of  n i c k e l  capac i tance  f o r  
ind iv idua l  moments o f  time 
a f t e r  disconnect ing t h e  p o l a r i z -  
i ng  cu r ren t  show t h a t  t h e  
inc rease  i n  capaci tance with 

Figure 1 .  I n i t i a l  Capacitance o f  Nickel 
Elec t rode  a s  a F u n c t i o n  o f  Excess Voltage. 
1--0.62 N NaOH; 2--0.65 N NaOH; 3--O.8 N 
NaOH; 4--5 N KOH.  

time t corresponds i n  t h e  f i rs t  
approximation t o  t h e  inc rease  i n  capaci tance computed from t h e  i n i t i a l  
s e c t i o n s  o f  o sc i l l og raphs  f o r  t he  p o t e n t i a l  drop with a reduct ion  i n  excess  
v o l t a g e .  

Su r face  p repa ra t ion  o f  t h e  n i cke l  e l ec t rode  a f f e c t s  i t s  behavior  i n  
a l k a l i  s o l u t i o n s .  
p re t r ea tmen t  of t h e  s u r f a c e  o f  the specimen. Experiments conducted wi th  an 
e l e c t r o d e  p rev ious ly  ca thod ica l ly  po la r i zed  i n  0 .1  N H2S04 without f i r i n g  i n  

2 a hydrogen atmosphere showed considerably h ighe r  capac i tances  (C = 70 r.lf/cm 

Repeatable capaci tances  were obta ined  only a f t e r  ident ical  

3 



I i n  0 .6  N NaOH a t  rl = 0.5  v ,  while  C = 130 v f / c m  2 when rl = 0 .2  v ) ,  a l though 
t h e  na tu re  o f  t h e  dependence of capaci tance on p o t e n t i a l  i s  i d e n t i c a l  f o r  
both e l ec t rodes .  

1 -  

Detemining the Capacitance of an Iron Cathode i n  A c i d  and Alkal i  
I SoZutions. 

region o f  cu r ren t  d e n s i t i e s  from 
Tafel equat ion be ing  a = 0.70 v and b = 0.12 v. 

The n-log i r e l a t i o n s h i p  f o r  i r o n  i n  1 N KOH i s  l i n e a r  i n  t h e  

t o  10-1 a/cm , t he  cons tan ts  i n  t h e  /1232 2 

400- 

NO 

too 

100- 

0 

I 

- 

- 

$ 

, I 

Q :  
e o  

0 
8 

3 

Shown i n  Fig.  2 a r e  the  r e s u l t s  o f  
t h ree  experiments i n  determining t h e  
i n i t i a l  capaci tance o f  an i r o n  cathode 
a t  var ious  p o t e n t i a l s  i n  a 1 N s o l u t i o n  
of KOH. Even a t  h igh  excess vo l t ages ,  t h e  
capaci tance o f  t h e  e l ec t rode  i s  150- 
200 pf/cm2. 
e l ec t rode  inc reases  wi th  time t ,  t h i s  
i nc rease  i s  more apprec iab le  than t h e  
inc rease  i n  t h e  i n i t i a l  capac i tance  with 
a reduct ion  i n  cathode p o t e n t i a l .  

The capaci tance o f  an i r o n  

The p o t e n t i a l  drop f o r  an i r o n  
cathode i n  a 1 N s o l u t i o n  of  H2S04 was 

measured only i n  t h e  narrow range o f  

cu r ren t  d e n s i t i e s  from 5 . 4 0 1 0 - ~  t o  

7 . 4 0 1 0 - ~  a/cm2. 
mination o f  capaci tance from t h e  i n i t i a l  
segments o f  curves f o r  t h e  p o t e n t i a l  drop 
at var ious  p o l a r i z i n g  cu r ren t  d e n s i t i e s  
show t h a t  t h e  capac i tance  o f  t h e  e l e c t r o d e  

The r e s u l t s  o f  d e t e r -  

2 i n c r e a s e s  wi th  a reduct ion  i n  excess vol tage  from 27-28 pf/cm a t  rl = 0 . 5  v 
t o  60 p f / c m  a t  rl  = 0.38 v (Fig.  3 ) .  The capac i tance  of  an i r o n  cathode i n  
an a c i d  s o l u t i o n  inc reases  with time t .  

2 

4 

0 

0 
0 
, o  

0 
0 

0 
0 

Figure 3 .  I n i t i a l  Capacitance o f  an 
I ron  E lec t rode as a Funct ion o f  Excess 

Voltage i n  1 N H2S04. 



Discuss ion o f  the  Resu l ts  

The r e s u l t s  of measurement of  the p o t e n t i a l  drop curves f o r  n i c k e l  and 
i r o n  cathodes i n  a c i d  and a l k a l i  so lu t ions  show a d i f f e r e n c e  i n  t h e i r  be-  
hav io r  as compared wi th  t h a t  of mercury [ 4 ] :  i t  was found t h a t  t he  e l e c t r o d e  
capaci tance c a l c u l a t e d  from t h e  experimental curve is dependent on t h e  
p o t e n t i a l  and on t h e  time e lapsed  from t h e  i n s t a n t  when t h e  cu r ren t  i s  d i s -  
connected. This dependence cannot be expla ined  by assuming t h a t  t h e  excess  
vol tage  i s  due t o  t h e  slowness of  t h e  d ischarge  r e a c t i o n  on the  s u r f a c e ,  
which is  p r a c t i c a l l y  free from adsorbed hydrogen. 
t h e  slowness o f  r e a c t i o n s  of e l imina t ing  atomic hydrogen p lays  a g r e a t e r  
p a r t  i n  metals wi th  a h ighe r  hydrogen adsorp t ion  energy, s p e c i f i c a l l y  n i c k e l  
and i r o n ,  than  i n  t h e  case  o f  mercury, 

I t  may be  expected t h a t  

Let us examine i n  more d e t a i l  t he  case  where excess  vol tage  i s  caused 
by t h e  slowness of  e l imina t ing  adsorbed hydrogen and t h e  d ischarge  r e a c t i o n  
ra te  i s  h igh ,  s o  t h a t  t h e  equi l ibr ium between adsorbed hydrogen and adsorbed 
s o l u t i o n  is  no t  upse t  when t h e  cu r ren t  passes  through. Given below i s  A. N .  
Frumkin’s d e r i v a t i o n  of  t h e  equat ion corresponding t o  t h e  curve f o r  t h e  
p o t e n t i a l  drop a f t e r  t h e  cu r ren t  i s  switched o f f ,  according t o  recombination 
theory .  

We s h a l l  assume t h a t  t h e  e l ec t rode  p o t e n t i a l  4 is  dependent on t h e  con- /1233 
c e n t r a t i o n  o f  hydrogen atoms i n  accordance wi th  the  expression 

(1) 
RT 

cp = const - In [HI. 

If t h e  recombination rate f o r  atomic hydrogen i s  propor t iona l  t o  t h e  
square  o f  i t s  concent ra t ion  [HI, then the r a t e  of  change i n  concent ra t ion  
a f t e r  swi tch ing  o f f  t h e  cu r ren t  is  determined by t h e  equat ion 

where q i s  t h e  ra te  cons tan t  f o r  t he  r eac t ion  o f  recombination. 

A f t e r  i n t e g r a t i n g  equat ion  (2 ) ,  w e  g e t  t h e  expression 

where [So] i s  &’- L I I ~  - vaiue  of  [HI when t = 0 .  

I t  fo l lows  from equat ions (1 )  and (3)  t h a t  

5 
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Hence t h e  change i n  e l e c t r o d e  p o t e n t i a l  after d isconnec t ing  
equal t o  

r 

where c $ ~  i s  t h e  va lue  o f  9 when t = 0.  

The dens i ty  o f  t h e  p o l a r i z i n g  cur ren t  is  io = qP[Ho12.  
equat ion ( S ) ,  we g e t  

aIHl 1 Let us cal l  t h e  q u a n t i t y  C , = - F 7 .  t h e  capaci tance 

with r e s p e c t  t o  hydrogen. I t  fol lows from equat ion (4) t h a t  

According t o  t h e  d e f i n i t i o n  o f  capaci tance and express ion  ( 7 ) ,  

(4 1 

the cu r ren t  i s  

S u b s t i t u t i n g  i n  

( 6 )  

of t h e  e l e c t r o d e  

F’ C- - [HI. AT 

0 A t  t h e  i n s t a n t  o f  c u r r e n t  i n t e r r u p t i o n  t = 0,  C = C 

From equat ions  (6) and (9), i t  fol lows t h a t  

where b = RT/2F as a consequence of recombination theory.  

6 



Formula (10) i s  der ived  on the  bas i s  o f  t h e  s imples t  form o f  recombi- 
na t ion  theory ,  which may be appl ied  only when t h e  s u r f a c e  coverage f o r  t h e  
e l ec t rode  with r e spec t  t o  adsorbed hydrogen atoms is  extremely low. 
l i b e r a t i o n  of  hydrogen i n  metals where t h e  energy o f  t h e  Me-H bond is h igh  
can take p l ace  only on t h e  sur face  o f  an e l e c t r o d e  which i s  covered t o  a 
cons iderable  ex ten t  by adsorbed atoms. I n  t h i s  case, t h e  k i n e t i c  and thermo- 
dynamic a c t i v i t i e s  of  t h e  adsorbed hydrogen cannot be  considered p ropor t iona l  
t o  i t s  s u r f a c e  concent ra t ion  as was done above (equat ions (1) and ( 2 ) ) .  

Cathodic 

A .  N .  Frumkin and A. I .  Shlygin [7] showed t h a t  i n  t h e  case of  moderate 
s u r f a c e  coverages,  t h e  p o t e n t i a l  o f  a platinum e l e c t r o d e  i s  an approximately 
l i n e a r  func t ion  o f  t h e  q u a n t i t y  o f  adsorbed hydrogen, which corresponds wi th  
a logar i thmic  r e l a t i o n s h i p  between t h e  adsorbed q u a n t i t y  and t h e  p re s su re  of  
t h e  hydrogen. 
c e r t a i n  assumptions are made on the  s t a t e  of  t h e  adsorbed hydrogen on t h e  
e l e c t r o d e  [ S I .  In  t h i s  case, a formula which may be  used i s  t h a t  der ived  i n  
t h e  work by A.  N .  Frumkin and N .  A. Aladzhalova f o r  t h e  s e c t i o n  of  t h e  
experimental  curve which was caused by slow e l imina t ion  o f  molecular hydrogen 
(equat ion (13) i n  r e fe rence  work [ 9 ] ) :  

The logar i thmic  isotherm may be t h e o r e t i c a l l y  der ived  i f  

I 
/1234 

where 

p e r  square  cent imeter .  

B and f are cons tan ts  and N i s  the f a c t o r  by which t h e  coverage must 
I be m u l t i p l i e d  t o  o b t a i n  t h e  s u r f a c e  concent ra t ion  of  hydrogen i n  gram atoms 

I In  t h i s  case, t h e  e l e c t r o d e  capaci tance w i t h  r e s p e c t  t o  .&orbed hydro- 
I gen is expressed by t h e  formula 

N P  P 
R T f ,  o r  C=- RTfO CE- 

where 8 i s  s u r f a c e  coverage by hydrogen atoms. 

According t o  formulas (11) and (12), t h e  curve f o r  p o t e n t i a l  drop i s  
expressed by t h e  equat ion 

where b = RT/2FB',  as was shown by M .  I .  Temkin. 
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Consequently, i f  the  adsorbed hydrogen i s  i n  equi l ibr ium with t h e  
hydrogen ions (or  water molecules) i n  t h e  s o l u t i o n ,  and i f  t h i s  hydrogen 

e l e c t r o d e ,  then t h e  p o t e n t i a l  drop i s  def ined  by equat ion (13),  and the  
capaci tance c a l c u l a t e d  from t h e  curve f o r  t h i s  drop i s  nea r ly  cons tan t  and 
independent o f  41 o r  t .  C i s  cons tan t  s i n c e  4 is a l i n e a r  func t ion  of e i n  
t h e  given case .  

c behaves i d e n t i c a l l y  t o  what we know from t h e  charging curves f o r  a plat inum 

I t  fol lows from what has been s a i d  above t h a t  t he  na tu re  of  t h e  p o t e n t i a l  
drop curve cannot y e t  be used f o r  choosing between t h e  mechanisms o f  r e t a r d e d  
d ischarge  o r  delayed recombination. Both t h e o r i e s  y i e l d  i d e n t i c a l  equat ions 
f o r  t h e  p o t e n t i a l  drop curve,  with a d i f f e rence  only i n  capaci tance va lues :  
i n  t h e  f irst  case  t h e  capac i tance  ca l cu la t ed  from t h e  drop curve i s  equal  t o  
t h a t  o f  t h e  e l e c t r i c  double l a y e r ,  while i n  t h e  second case t h e  capaci tance 
i s  t h a t  o f  a hydrogen condenser p l a t e ,  which exceeds t h e  capac i tance  of  t h e  
e l e c t r i c  double l a y e r  by a f a c t o r  of  approximately 100. The experimental ly  
observed capaci tance o f  n i c k e l  and i r o n  e l e c t r o d e s  as r e l a t e d  t o  I$ and t 
c o n t r a d i c t s  both t h e  mechanism o f  delayed d ischarge  and t h a t  o f  r e t a r d e d  
recombination [ l o ] .  Therefore  it may be assumed i n  t h e  case  of  n i c k e l  and 
i r o n  e l e c t r o d e s  t h a t  no mechanism i n  pure form is  r e a l i z e d ,  b u t  r a t h e r  t h e  
process  must be considered i n  s t a g e s ,  a l l  t ak ing  p l a c e  a t  comparable rates.  

The behavior  o f  t h e  curves f o r  p o t e n t i a l  drop wi th  a l l  p o s s i b l e  combi- 
na t ions  o f  assumptions on the  rate o f  the  va r ious  s t a g e s  has  n o t  y e t  been 
s u c c e s s f u l l y  c a l c u l a t e d .  Grahame [ l l ]  a l s o  p o i n t s  ou t  t he  complexity o f  
t h i s  computation. Some s p e c i a l  cases  o f  c a l c u l a t i n g  t h e  behavior  o f  drop 
curves may be used f o r  expla in ing  t h e  r e s u l t s  found i n  t h i s  work. 

I t  was shown i n  t h e  work by A .  N .  Frumkin and N .  A .  Aladzhalova [9] t h a t  
when c e r t a i n  assumptions are made concerning t h e  p r o p e r t i e s  o f  t h e  adsorbed 
hydrogen i n  t h e  case o f  combined delayed d ischarge  and delayed recombination, 
t h e  excess  vo l t age  i s  t h e  sum o f  two p a r t s :  n = r-11 + 172, where 01 is  due 

only  t o  t h e  slowness o f  t h e  d ischarge ,  and 112 i s  a s s o c i a t e d  only with t h e  
slowness of  e l imina t ion  o f  molecular hydrogen. I n  t h i s  case ,  t h e r e  should be  
two segments on t h e  drop curve,  t h e  f i r s t  showing a capac i tance  corresponding 
t o  t h a t  of t h e  double l a y e r ,  and the  second corresponding t o  t h a t  o f  an 
atomic hydrogen p l a t e .  

A more r ap id  inc rease  may be expected i n  r \ l  as compared wi th  n 2  as t h e  
excess  v o l t a g e  i n c r e a s e s ,  because of the l a r g e r  c o e f f i c i e n t  a s soc ia t ed  wi th  
log  i i n  t h e  equat ions  of t h e  delayed discharge theory .  
chemical mechanism i s  r e spons ib l e  f o r  desorpt ion o f  atomic hydrogen, as is 
extremely l i k e l y  a t  high cu r ren t  d e n s i t i e s ,  t h e  inc rease  i n  su r face  concentra-  
t i o n  o f  adsorbed hydrogen may s t o p  as a r e s u l t ,  and consequently t h e r e  may 
a l s o  be  no more r i se  i n  c2 2s p o l a r i z a t i o n  izcreases [ 12 ] .  Therefnre ,  t h e  

p a r t  p layed  by q l  i n  t h e  p o t e n t i a l  drop should inc rease  as t h e  cu r ren t  dens i ty  /1235 

rises, w i t h  a r e s u l t a n t  i nc rease  i n  t h e  length  o f  t h e  s e c t i o n  o f  t h e  drop 
curve corresponding t o  double- layer  capaci tance.  

I f  an e l e c t r o -  
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We have assumed up t o  t h i s  p o i n t  t h a t  t h e  behavior  of  t h e  adsorbed 
hydrogen may be completely i n t e r p r e t e d  on the  basis of hypotheses developed 
from t h e  example o f  a plat inum hydrogen e l ec t rode .  
n i c k e l  e l e c t r o d e  (and poss ib ly  a l s o  an i r o n  e l e c t r o d e ) ,  t h e  behavior  of 
atomic hydrogen i s  more complicated.  
wi th  a h e a t  o f  hydrogen adsorp t ion  which d i f f e r s  sha rp ly  from t h a t  o f  t h e  
remainder of  t h e  su r face  [13, 141. The discharge and desorp t ion  r e a c t i o n s  
may be r e t a rded  t o  d i f f e r e n t  degrees on d i f f e r e n t  s e c t i o n s  of  t he  n i c k e l  
e l e c t r o d e  su r face .  We may write rl = '11 + '12 f o r  each ind iv idua l  s e c t i o n ,  b u t  
t h e  r a t i o  of 771 t o  rl2 v a r i e s  from s e c t i o n  t o  s e c t i o n .  Therefore ,  t h e  o v e r a l l  
excess  vo l t age  can no longer  be expressed as t h e  s imple sum '11 + '12. 
means t h a t  t h e  s e c t i o n s  o f  t h e  drop curve corresponding t o  '11 and r12 over lap  
each o t h e r  i n  t h i s  case. 
s e c t i o n s  o f  t he  s u r f a c e  h a s  had time t o  reach a s t a t e  o f  equ i l ib r ium with 
t h e  adsorbed hydrogen, while  i n  o t h e r  s ec t ions  t h i s  equi l ibr ium has  not  been 
achieved.  In  these  cases, t h e  capaci tance o f  t h e  e l e c t r o d e  a t  time t i s  no t  
equal  t o  t h a t  of t h e  double l a y e r  o r  t h a t  o f  t he  hydrogen p l a t e ,  b u t  has  some 
in t e rmed ia t e  va lue .  

But i n  t h e  case of a 

There a r e  areas on t h e  n i c k e l  s u r f a c e  

. 

This 

By a c e r t a i n  time t ,  t h e  double l a y e r  on some 

Let us use  t h e  i d e a  o f  t h e  "electrochemical a c t i v i t y "  of t h e  adsorbed 
hydrogen, consider ing hydrogen e lec t rochemica l ly  a c t i v e  when i t  is  capable 
a t  a given p o t e n t i a l  o f  i o n i z a t i o n  a t  a ra te  comparable wi th  t h a t  o f  t h e  
o t h e r  r e a c t i o n s  involving the  adsorbed hydrogen. 
r e t a r d e d  by i o n i z a t i o n  o f  t h e  adsorbed hydrogen wi th  a r e s u l t a n t  i nc rease  i n  
t h e  capac i tance  c a l c u l a t e d  from t h e  drop curve.  The discrepancy between t h e  
capac i tance  a t  a given p o t e n t i a l  and t h a t  o f  t h e  double l a y e r  c h a r a c t e r i z e s  
t h e  e lec t rochemica l  a c t i v i t y  of  t h e  adsorbed hydrogen. 
t h a t  t h e  a c t i v i t y  of t h e  adsorbed hydrogen d i f f e r s  on d i f f e r e n t  s e c t i o n s  o f  
t h e  cathode su r face .  The osc i l l og raph ic  curves far  t h e  drop may be used i n  
c a l c u l a t i n g  t h e  coverage of  t he  su r face  by e lec t rochemica l ly  a c t i v e  hydrogen, 
b u t  g i v e  no b a s i s  f o r  judging t h e  t o t a l  q u a n t i t y  o f  adsorbed hydrogen on t h e  
metal s u r f a c e .  

The p o t e n t i a l  drop i s  

I t  may be  assumed 

The experiment shows t h a t  t he  capaci tance o f  a n i c k e l  e l e c t r o d e  ca l -  
c u l a t e d  from o s c i l l o g r a p h i c  drop curves fa l l s  as t h e  ca thodic  p o l a r i z a t i o n  
rises, and approaches 20 pf/cm2 a t  extremely high p o l a r i z a t i o n s .  
r e l a t i o n s h i p  between capac i tance  and p o t e n t i a l  i s  due t o  a reduct ion  i n  the  
amount of e lec t rochemica l ly  a c t i v e  hydrogen on t h e  s u r f a c e  as t h e  excess 
v o l t a g e  i n c r e a s e s .  

u f / c m  
t ance  o f  t h e  e lec t r ic  double l a y e r .  
hydrogen maintains  equi l ibr ium with the  s o l u t i o n  a t  t h e s e  p o t e n t i a l s  cannot 
be  g r e a t e r  than a few thousandths of t h e  t o t a l  s u r f a c e  a r e a .  
capac i t ance  of 17 .7  uf/cm2 f o r  t h e  p e r f e c i i j -  srnoczh negat ive ly  charged 
s u r f a c e  of mercury as a re ference  poin t  [4] ,  then  t h e  capaci tances  whicn w e  
have found f o r  a n i c k e l  e l e c t r o d e  seem even somewhat underest imated.  A 
p o s s i b l e  explana t ion  f o r  t h i s  phenomenon was given previous ly  [ 6 ] .  

This 

I t  may be assumed t h a t  t h e  minimum values  o f  19-24 
2 of apparent  su r f ace  f o r  a n i cke l  e l e c t r o d e  a r e  c lose  t o  t h e  capaci-  

The sur face  area over  which t h e  adsorbed 

I f  we t ake  t h e  

For i d e n t i c a l  excess  vol tage ,  t he  capaci tance of  a . n i c k e 1  e l e c t r o d e  i n  
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an a l k a l i  s o l u t i o n  is  considerably g r e a t e r  than  that  i n  an a c i d  s o l u t i o n .  
When T-, = 0.45 v ,  the capac i tance  i n  1 N H2S04 is  22 vf/cm2, corresponding t o  

r) 

4 a su r face  coverage by e lec t rochemica l ly  a c t i v e  hydrogen o f  8 - 
while  i n  0.6 - 0.8 N NaOH at  rl = 0.45 v ,  t h e  capac i tance  is  40-50 pf/cm2 and 

o r  less*, 
/1236 - 

*' 8 - lo-'. 
s u r f a c e  coverage i s  equal  t o  10 f o r  an a c i d  s o l u t i o n  and 3.10 f o r  an 
a lka l i  s o l u t i o n .  
n i c k e l  e l e c t r o d e  i n  a l k a l i  and a c i d  s o l u t i o n s  is  probably due t o  an i n c r e a s e  
i n  t h e  s t r e n g t h  o f  t h e  N i - H  bond with a t r a n s i t i o n  from a c i d  s o l u t i o n s  t o  
a lka l i .  
and an adsorbed hydrogen atom as a func t ion  o f  t h e  composition o f  t h e  
s o l u t i o n  was p rev ious ly  observed i n  the  case  o f  a plat inum e l e c t r o d e  [ 7 ] .  

As t h e  excess  vo l t age  decreases ,  e i n c r e a s e s ;  a t  rl = 0.2 v,  t h e  

The d i f f e r e n c e  i n  t h e  q u a n t i t y  o f  adsorbed hydrogen on a 

-2  -2 

S imi l a r  behavior  of t h e  s t r e n g t h  o f  t h e  bond between a metal atom 

Pro t r ac t ed  f i r i n g  o f  t h e  n i c k e l  e l e c t r o d e  a t  a temperature  of  450°C 
apparent ly  changes t h e  s u r f a c e  s t a t e  of t h e  specimen. Due t o  r e c r y s t a l l i -  
za t ion ,  t h e r e  i s  a change i n  t h e  d i s t r i b u t i o n  of t h e  s u r f a c e  i n t o  s e c t i o n s  
with varying h e a t s  o f  adsorp t ion  o f  atomic hydrogen, r e s u l t i n g  i n  an 
experimental ly  observed change i n  t h e  e l ec t rode  capac i tance .  
agrees  wi th  t h e  r e s u l t s  of  adsorp t ion  measurements [15].  

This hypothes is  

Higher capac i tances  were found f o r  an i r o n  e l e c t r o d e  i n  an a l k a l i  
s o l u t i o n .  This cannot be a t t r i b u t e d  t o  t h e  g r e a t e r  s u r f a c e  roughness of  
i r o n .  Measurements o f  t h e  drop i n  excess vol tage  o f  an i r o n  e l e c t r o d e  i n  an 
a c i d  s o l u t i o n  showed t h a t  t h e  capaci tance a t  high excess  vol tages  (0.5 v) i s  

27-28 pf /cm 
t ance  o f  t h e  double l a y e r  on i r o n .  
hydrogen on t h e  s u r f a c e  of  i r o n  i n  a l k a l i  s o l u t i o n s  is  cons iderably  g r e a t e r  
than i n  a c i d  s o l u t i o n s :  a t  an excess  vol tage  o f  0.55 - 0 .6  v i n  a 1 J? s o l u t i o n  
o f  KOH, e amounts t o  0.05 - 0.1 ,  while  a t  q = 9.4 v ,  8 - 0.15 - 0.2 .  A 
d i f f e r e n c e  i n  t h e  behavior  of adsorbed hydrogen on i r o n  i n  a c i d  and a l k a l i  
s o l u t i o n s  i n  the  case o f  ca thodic  p o l a r i z a t i o n  was observed by I .  A .  
Bogatskaya [16] from measuring t h e  excess vo l t age  s e n t  through a t h i n  i r o n  
p l a t e .  

2 o f  t h e  apparent  su r f ace .  This is  apparent ly  c lose  t o  t h e  capaci-  
The amount o f  e lec t rochemica l ly  a c t i v e  

The r e s u l t s  of t h i s  work show t h a t  excess vol tage  f o r  t he  g r e a t e r  p a r t  
o f  t h e  s u r f a c e  of i r o n  and n i c k e l  e l ec t rodes  cannot be  i n t e r p r e t e d  as t h e  
equ i l ib r ium p o t e n t i a l  of  adsorbed hydrogen. The p o r t i o n  o f  t he  s u r f a c e  on 
which adsorbed hydrogen i s  i n  equi l ibr ium with hydrogen ions  (o r  water 
molecules) i s  i n s i g n i f i c a n t  i n  comparison wi th  t h e  e n t i r e  s u r f a c e .  
an i r o n  e l e c t r o d e  i n  an a l k a l i  s o l u t i o n  is  t h e  f r a c t i o n  o f  t h e s e  s e c t i o n s  
g r e a t e r ,  b u t  even i n  t h i s  case  i t  is  no more than 10-20% o f  the  e n t i r e  
s u r f a c e  area.  
s u r f a c e ,  i t  i s  not  e lec t rochemica l ly  a c t i v e  a t  apprec iab le  overvol tages .  Qn 

* I t  is assumed i n  c a l c u l a t i n g  thg c m e r a g r  8 t h a t  the  capaci tance o f  t h e  
e l ec t r i c  do&?s. l a y e r  i s  20 iJf/cmL, while  t h a t  o f  a hydrogen p l a t e  i s  2,000 
p f j c m " .  

Only on 

Even though t h e r e  i s  adsorbed hydrogen on t h e  remainder of  the  

9 
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- _ -  

I t h e s e s e c t i o n s ,  which comprise t h e  g y t e r  p a r t  of t h e  surface, t h e  d ischarge  
s t a g e  f o r  a hydrogen ion or  water rnolWpe2 is c h a r a c t e r i s t i c a l l y  i r r e v e r s i b l e  
i n  t h e  process  of hydrogen 1ibbatidn.j -it-e 

However, we cannot draw an unambiguous conclusion on t h i s  b a s i s  con- 

L I p - b, i 

i 
c e n i n g  t h e  mechanism o f  hydrogen l i b e r a t i o n  on n i c k e l  and i r o n  e l e c t r o d e s  
a s  a whole, We do not  know t h e  d i s t r i b u t i o n  o f  c u r r e n t  between s e c t i o n s  
wi th  adsorbed hydrogen o f  h ighe r  o r  lower  e lec t rochemica l  a c t i v i t y .  

metals of  t h e  i r o n  group demands comprehensive u t i l i z a t i o n  o f  research  d a t a  
obtained by using va r ious  experimental  methods. 

A 
I unique explana t ion  o f  t h e  mechanism respons ib le  for hydrogen l i b e r a t i o n  on 
1 '  
, We a r e  s i n c e r e l y  g r a t e f u l  t o  Academician A .  N .  Frumkin f o r  h i s  

c o n s t r u c t i v e  c r i t i c i s m  during t h e  work and f o r  h i s  cons idera t ion  o f  t h e  
r e s u l t s .  
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